Estimation of aortic and left ventricular (LV) pressure usually requires measurements that are difficult to acquire during the imaging required to obtain concurrent LV dimensions essential for determination of LV mechanical properties. We describe a novel method for deriving aortic pressure from the aortic flow velocity. The target pressure waveform is divided into an early systolic upstroke, determined by the water hammer equation, and a diastolic decay equal to that in the peripheral arterial tree, interposed by a late systolic portion described by a second-order polynomial constrained by conditions of continuity and conservation of mean arterial pressure. Pulse wave velocity (PWV, which can be obtained through imaging), mean arterial pressure, diastolic pressure, and diastolic decay are required inputs for the algorithm. The algorithm was tested using 1) pressure data derived theoretically from prespecified flow waveforms and properties of the arterial tree using a single-tube 1-D model of the arterial tree, and 2) experimental data acquired from a pressure/Doppler flow velocity transducer placed in the ascending aorta in 18 patients (mean Ϯ SD: age 63 Ϯ 11 yr, aortic BP 136 Ϯ 23/73 Ϯ 13 mmHg) at the time of cardiac catheterization. For experimental data, PWV was calculated from measured pressures/flows, and mean and diastolic pressures and diastolic decay were taken from measured pressure (i.e., were assumed to be known). Pressure reconstructed from measured flow agreed well with theoretical pressure: mean Ϯ SD root mean square (RMS) error 0.7 Ϯ 0.1 mmHg. Similarly, for experimental data, pressure reconstructed from measured flow agreed well with measured pressure (mean RMS error 2.4 Ϯ 1.0 mmHg). First systolic shoulder and systolic peak pressures were also accurately rendered (mean Ϯ SD difference 1.4 Ϯ 2.0 mmHg for peak systolic pressure). This is the first noninvasive derivation of aortic pressure based on fluid dynamics (flow and wave speed) in the aorta itself. LEFT VENTRICULAR (LV) pressure is of key importance in assessing LV performance from pressure-volume relationships and in calculating LV myocardial wall stress. LV wall stress depends both on LV pressure and dimensions (3) and, when elevated, is the major stimulus to adverse LV remodeling, leading eventually to heart failure (20). In the absence of aortic valve disease and a significant gradient across the LV outflow tract, LV pressure during systole approximates central aortic pressure (P) (10). A noninvasive method for estimating central aortic pressure throughout systole coupled to an imaging modality would, therefore, be a uniquely valuable tool in assessment of cardiovascular mechanics.
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NEW & NOTEWORTHY

For the first time, the entire central aortic pressure waveform is derived from phenomenon occurring in the ascending aorta. This new approach is compatible with current imaging modalities and does not require applanation tonometry or the use of a transfer function.
LEFT VENTRICULAR (LV) pressure is of key importance in assessing LV performance from pressure-volume relationships and in calculating LV myocardial wall stress. LV wall stress depends both on LV pressure and dimensions (3) and, when elevated, is the major stimulus to adverse LV remodeling, leading eventually to heart failure (20) . In the absence of aortic valve disease and a significant gradient across the LV outflow tract, LV pressure during systole approximates central aortic pressure (P) (10) . A noninvasive method for estimating central aortic pressure throughout systole coupled to an imaging modality would, therefore, be a uniquely valuable tool in assessment of cardiovascular mechanics.
While there are a number of established noninvasive methods for estimating central systolic pressure (9, 17) , these are of limited accuracy, particularly for estimating pressure early in systole at the time of peak myocardial wall stress (9, 22, 24) . Second, these methods are difficult to apply during cardiac magnetic resonance (CMR) imaging, the preferred imaging modality for accurate measurement of cardiac dimensions. CMR does, however, provide accurate measures of aortic flow velocity (U) and aortic pulse wave velocity (PWV) (7, 34) from which pressure can potentially be estimated during early systole from the water hammer equation (25, 26, 32) .
The purpose of the present study was to examine whether aortic pressure can, in principle, be estimated over the whole of the cardiac cycle from noninvasive measures of U, PWV, mean arterial blood pressure (MAP), diastolic blood pressure (DBP), and the diastolic decay of pressure. The last three are similar at peripheral and central sites (27, 35) and can be measured noninvasively during imaging. We formulated a part theoretical, part empirical algorithm to determine pressure from flow, peripheral blood pressure, and a single parameter of the artery tree: local aortic PWV. We tested this first using a numerical model to calculate pressure from flow according to fluid dynamic principles for given dimensions and elasticity of the whole arterial tree. This approach has the advantage that it tests the optimal performance of the algorithm when there is no experimental error in determining local PWV, or in the measurement of pressure or flow. We then tested the algorithm using clinical data in which aortic root pressures and flow velocities were measured using a combined pressure/Doppler flow transducer at the time of cardiac catheterization.
METHODS
Algorithm to estimate aortic pressure from aortic flow velocity. The principle of the algorithm is that the aortic pressure (P) waveform is entirely reconstructed from aortic flow velocity waveform, PWV, and blood pressure components: DBP, MAP, and diastolic decay. The target waveform is divided into 4 parts (Fig. 1) defined by characteristics of the flow velocity (U) waveform. Hemodynamic principles of continuity of pressure, the relationship between P and U, in early systole and conservations of MAP, DBP, and diastolic decay along the arterial tree are then used to determine P as detailed below.
In early systole (part I), P(t) can be calculated using the water hammer equation (19, 26) under the assumption of negligible wave reflections. Hence, the relationship between P and U is assumed to be linear and given by:
with Pwh the water hammer pressure and ϭ 1,060 kg/m 3 the density of blood (which is assumed to be constant). Moreover, P(t ϭ 0) in part I is set equal to DBP (point A, Fig. 1A ) and the end of part I is defined as the time of peak flow velocity (point B, Fig. 1, A and C) . PWV is calculated from changes in aortic blood pressure (dP) and flow velocity (dU) by the sum-of-squares method (12) originally derived for the coronary arteries:
where the sum is taken over the whole cardiac cycle. Part III of P is determined as follows: the exponential decay in the measured diastolic pressure waveform is transformed, using a logarithm function, into a linear spline whose coefficients are computed by using the polyfit function in Matlab (The MathWorks, Natick, MA) based on linear least-squares fitting. The inverse of the coefficient of the linear spline is taken as the time constant () of the exponential decay in the diastolic part of the pressure waveform as follows from Eqs. 3 and 4: 
where P 0 is the pressure at t ϭ tn. The calculated Pwh is constrained to end at DBP (point D, Fig. 1 , A and G), while starting at point C, the end of the dicrotic notch where the flow velocity is approximately zero after the closure of the aortic valve. The pressure asymptote was assumed to be zero.
The dicrotic notch is present in P wh, calculated using Eq. 1, if U contains a region of reverse flow during the closure of the aortic valve at the end of systole. In that case, the notch is incorporated into the reconstructed waveform P, starting at point C= and ending at point C (part III=, Fig. 1, A and C) . Point C= is located on the exponential curve extended from part III to part III= at the time of the first zero crossing of U (t n=, Fig. 1C) .
Part II, which encompasses the systolic peak, is approximated by a second-order polynomial: y ϭ at 2 ϩ bt ϩ c, between the time of the water hammer pressure peak (twh) and estimated notch (tn=) (Fig. 1E) , the times when part II is connected to parts I and III= ϩ III. This polynomial passes through points B and C= (Fig. 1, A and E) . A system of three equations is needed to obtain the three constants a, b, and c:
The first two equations are obtained by imposing the following continuity conditions at t wh and tn, when the reconstructed pressure P has to be equal to P(twh) and P(tn), respectively. The last equation of system Eq. 5 is found by first equating MAP to the time-weighted average of the mean pressures of part II (M 2) and parts I and III= ϩ III (M1 and M3, respectively) taking into account the duration of parts I (T1), II (T2), and III= ϩ III (T3) (see Eq. 6 and Fig. 2 ). The last equation in Eq. 5 is then obtained by imposing the condition that the mean of the area under the curve must be equal to M 2.
Testing the algorithm using numerically derived pressure and flow waveforms. To test the algorithm (described above in Algorithm to estimate aortic pressure from aortic flow velocity) under optimal conditions in which the input local PWV and pressure and flow waveforms were prespecified or derived theoretically with zero experimental error, we used a previously validated, nonlinear, singletube, one-dimensional model of the arterial tree (2). The properties of this model are described in table II of Ref. 2. This model generates the theoretical pressure corresponding to a prespecified flow input from the parameters (dimension and elasticity) of the tube, including local PWV, and thus provides a theoretical test of the algorithm. Fifteen samples were generated where the compliance C was set at Simultaneous invasive recordings of aortic pressure and flow velocity were available in 18 patients (mean Ϯ SD: age 63 Ϯ 11 yr, aortic BP 136 Ϯ 23/73 Ϯ 13 mmHg) in whom a combined solid state pressure sensor and Doppler ultrasound probe (Combowire XT, Volcano, Rancho Cordova, CA) was used to record pressure and flow velocity in the aortic root. Each dataset consisted of at least 10 cardiac cycles that were first filtered using a Butterworth low-pass filter that has been shown to eliminate noise without influencing waveform characteristics (16) and then ensemble averaged using the foot of the waveform as fiducial time to produce a single waveform.
Flow velocity recordings did not show any region of reverse flow during the closure of the aortic valve, while the dicrotic inflexion was present in all pressure waveforms. We therefore modified the four-part calculation of P(t) described above (in Algorithm to estimate aortic pressure from aortic flow velocity) by connecting parts II and III directly (Fig. 1, right) . The inflexion point at t i was defined as the minimum of the first derivative of the U(t) waveform (Fig. 3) . On the U waveform, the slope at ti was then extrapolated to zero at tn (inset plot in Fig. 3 ). The resulting three-part model still uses part I and the new part III ϩ III= to estimate part II from MAP and enforcing continuity of pressure through points B and C (Fig. 1, B and F) . Error calculation. Each dataset from the numerical model comprised pressure waveforms theoretically derived from the flow waveform for a given set of model parameters (with either varying C or PWV). The pressure reconstructed from the simplified algorithm was then compared with the "reference" pressure derived using the full fluid dynamic model by means of the root mean square error (RMSE). This error is given by:
where N is the number of points in each sample, P reconstructed is the pressure computed by the algorithm and P reference is the target pressure. The results presented in the tables are the means Ϯ SD RMSE for all samples.
Additionally, absolute errors between characteristic points on reconstructed and reference waveforms, such as the first systolic shoulder (P 1, point B, Fig. 1, A and B) , systolic peak pressure (SBP), and end-systolic pressure (Pes, point C, Fig. 1, A and B) , were expressed as the mean Ϯ SD difference between reconstructed pressure and reference pressure at these points.
A similar approach was taken to compare pressure reconstructed from experimentally measured aortic flow velocity and the experimentally measured reference aortic pressure. The RMSE was calculated as a mean for all subjects. (Fig. 4, Table 1 ). Similarly, the mean error for each of the characteristic points (P 1 , SBP, P es ) was Յ2 mmHg and the maximum error for any sample was smaller than 2 mmHg for SBP and P es , and 6 mmHg for P 1 (Fig. 2, Table 1 ). The main difference between simulated and reconstructed waveforms arose after the first systolic shoulder. The notch was well captured in the results shown in Fig. 4 , but the algorithm does not render the gap in midsystole for small values of PWV (Fig.  4A) . Finally, the approximation of the second part of systole by a second-order polynomial yielded estimates of SBP with a mean error Յ2 mmHg.
RESULTS
Numerical data.
Experimental data. The characteristics of the subjects studied are shown in Table 2 . For measured aortic pressure and flow velocities, pressure waveforms reconstructed from flow velocities closely resembled reference pressures (Fig. 5) . The mean RMSE for the whole waveform for all subjects was 3.4 mmHg ( Table 3) . For P 1 , SBP, and P es , mean errors for all subjects were Յ2 mmHg and the maximum error was 14 mmHg (Table 3) with differences mainly occurring in diastole (Fig. 5) . The maximum error arose in the subject with the greatest variation in the decreasing phase of the flow velocity leading to a poor estimation of the time of valve closure. Standard deviations for errors of P 1 and SBP were, respectively, 5.3 and 2.0 mmHg (Table 3 and Fig. 6 ).
DISCUSSION
The novel finding of the present work is that, in principle, the entire aortic pressure waveform can be generated from the aortic flow velocity waveform, local PWV, and peripheral BP components (diastolic decay, diastolic and mean blood pressures). Our numerical simulations and testing against clinical data show that, except at very low values of PWV, pressure can be estimated to within a few millimeters Hg, an error that is small in comparison with that in the measurement of peripheral BP [typically in the range of 10/5 mmHg from true intraarterial BP (28)]. Although errors for experimental data were within acceptable limits, they were higher than those obtained from numerical data. This probably reflects some experimental error in acquisition of the pressure and, particularly, the flow data which is sensitive to transducer orientation.
For peak systolic blood pressure these errors are also small in comparison with the error typically ranging from 10 mmHg in older subjects (18) up to 20 mmHg in children and young adults (23) if the amplification between aortic and peripheral upper limb blood pressure is ignored (i.e., aortic SBP is assumed equal to brachial or radial SBP). Although pressure wave reflection early in systole might be expected to distort the relationship between pressure and flow, we found no evidence of this since errors in pressure estimation from the water hammer equation were minimal. This is consistent with recent experimental observations that pressure reflection may be less important than previously thought (14) .
There are several potential advantages of our new method: it may be the only practical method of obtaining the aortic waveform during CMR when transfer function approaches based on carotid or radial tonometry are not possible. A transfer function approach based upon cuff blood pressure has been introduced recently (6, 33) and could potentially be used during CMR but, although such transfer functions are reasonably accurate (within limitations imposed by peripheral BP calibration), for the estimation of peak central aortic systolic pressure, they are less accurate in estimating high-frequency components of the waveform, such as the first systolic shoulder P 1 (9, 22, 24) . This is particularly important for the assessment of peak myocardial wall stress, which is usually coincident with the first systolic shoulder (11) and thus directly related to P 1 . The method also provides a means of estimating peak central aortic blood pressure using personalized hemodynamic profiling without the assumptions inherent in a generalized transfer function.
From a physiological standpoint, the present work shows that pulsatile components of BP are determined almost exclusively from PWV and aortic flow velocity. Pulsatile components of both peripheral and central BP increase more with age than do MAP and DBP (8, 15) and are important determinants of cardiovascular risks (30), as is aortic PWV (31) . Since the pulsatile BP components and PWV are linked through aortic flow velocity, aortic flow velocity may also be an important determinant of cardiovascular risk and deserves further evaluation in this regard. Furthermore, measuring PWV and flow velocity profiles should allow pulsatile components of pressure to be partitioned into those that arise purely as a result of aortic stiffening and those that arise through altered ventricular dynamics and hence flow velocity.
It is important to note that the results we have obtained provide only a "proof of principle," since we have assumed that PWV and peripheral BP components (MAP, DBP, and the diastolic decay) that are invariant between central and peripheral arteries can be measured with no significant error compared with their derivation from the simulated or measured intra-aortic pressure. Dependence on measurement of MAP and DBP is common to all methods of estimating central aortic BP. While not conventionally derived during oscillometric BP measurement, the diastolic decay can be estimated from a cuff waveform. Furthermore, its importance is restricted to estimat- ing the aortic waveform during diastole which for the purposes of assessing LV-vascular coupling is of limited value, since closure of aortic valve decouples aortic and LV pressure. Thus the major additional limitation of our proposed method, compared with existing methods, relates to the accuracy with which local aortic PWV can be measured. PWV has a major impact on calculation of aortic pressure during early systole since the water hammer pressure at that time is the product of flow velocity and PWV (Eq. 1). Thus any errors in PWV are transferred directly to the calculated aortic pressure. For low values of PWV, water hammer pressure may start to decay early in systole leading to an oscillation in pressure (Fig. 4A ) which is not completely captured in our fitting of midsystole. However, this only occurs at low values of PWV unlikely to be encountered in adults. There are several methods for assessing aortic PWV using CMR (or ultrasound imaging). Local PWV can be assessed from the relation between aortic distension and flow velocity (13) or area (A) and flow velocity (4, 21) using similar assumptions as those we used in the present proof of concept, where in early systole the relationship between P and U is assumed to be linear. The so called P-U loop methods make the same assumptions. The wave speed is then obtained from the coefficient of proportionality between these two measures (21) . Early local reflections may result in an overestimation of local PWV by the P-U method but underestimation by the U-A method (local reflections distending the artery relative to flow) and therefore using a combination of both methods may be advantageous (29) . Alternatively, PWV can be determined from the foot-to-foot method-the time delay between arrival of the aortic velocity (or aortic distension) waveform between two sites in the aorta (typically the ascending arch and diaphragm) (5). This method gives an integrated measure over the pathway between the two sites and, hence, may differ from the local PWV, and the exact sites chosen may be important. Using two closely separated sites (e.g., ascending and descending arch) may give a value of PWV more closely related to local PWV, but has the disadvantage that it requires high-temporal resolution. Wentland et al. (34) have shown data that interleaving in Fourier velocity-encoded (FVE) M-mode imaging provides better temporal resolution and may allow local PWV to be measured along a relatively short segment of the aorta. Further experimental work will be required to determine the best method for noninvasive assessment of PWV for the purposes of prediction of aortic pressure from flow. Because it is difficult to measure aortic pressure invasively during CMR, this will likely require a validation in a relatively large number of subjects with CMR and invasive pressure measurements performed on two separate occasions, with correction for any differences in BP between the two occasions. A further limitation of our work is that our clinical data were restricted to a relatively small sample of middle-aged to older subjects. Further work will be required to validate the method in a larger sample. In particular, the algorithm may not describe the secondary "bump" often seen in younger people around the dicrotic notch which may be due to an early diastolic reflected wave, nor waveform changes resulting from valve lesions or congenital heart disease. It is possible that a more complex model is required to capture the full pathophysiological range of waveform morphologies and to include subtle features such as those related to valve leaflet motion (1).
In conclusion, we have shown that the central ascending aorta pressure waveform can be accurately predicted from aortic flow velocity, local aortic PWV, and space-invariant components of BP-MAP, DBP, and diastolic BP decaymeasures that can be readily derived during CMR. Unlike existing methods for estimating central aortic blood pressure, the present approach provides aortic pressure over the whole cardiac cycle, does not require carotid or radial tonometry, makes no assumptions regarding generalizability of a transfer function, and has the potential to improve the accuracy with which early systolic components of BP that determine peak myocardial wall stress can be determined. Further validation is required to quantify the influence of errors introduced by measurement of local aortic PWV and BP components. The research leading to these results has also received funding from the EU FP7 for research, technological development, and demonstration under grant agreement VP2HF (no. 611823).
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